Infectious meningitis and encephalitis is caused by invasion of circulating pathogens into the brain. It is unknown how the circulating pathogens dynamically interact with brain endothelium under shear stress, leading to invasion into the brain. Here, using intravital microscopy, we have shown that Cryptococcus neoformans, a yeast pathogen that causes meningoencephalitis, stops suddenly in mouse brain capillaries of a similar or smaller diameter than the organism, in the same manner and with the same kinetics as polystyrene microspheres, without rolling and tethering to the endothelial surface. Trapping of the yeast pathogen in the mouse brain was not affected by viability or known virulence factors. After stopping in the brain, C. neoformans was seen to cross the capillary wall in real time. In contrast to trapping, viability, but not replication, was essential for the organism to cross the brain microvasculature. Using a knockout strain of C. neoformans, we demonstrated that transmigration into the mouse brain is urease dependent. To determine whether this could be amenable to therapy, we used the urease inhibitor flurofamide. Flurofamide ameliorated infection of the mouse brain by reducing transmigration into the brain. Together, these results suggest that C. neoformans is mechanically trapped in the brain capillary, which may not be amenable to pharmacotherapy, but actively transmigrates to the brain parenchyma with contributions from urease, suggesting that a […]
Introduction
Infectious meningitis and encephalitis is a devastating disease associated with high mortality and morbidity throughout the world. For disease to develop, the circulating pathogen must be arrested in the brain vasculature and then cross the blood vessels of the leptomeninges or pia mater and gain access to the brain and meninges (1, 2) . Unfortunately, little is known about how this occurs for many microorganisms. In this study, using novel in vivo spinning disk imaging, we examined how Cryptococcus neoformans, a pathogen causing human and animal meningoencephalitis, interacts dynamically with the brain endothelium in the murine host, leading to the penetration of the brain microvasculature.
C. neoformans is an encapsulated budding yeast that causes fatal infections, especially in immunocompromised individuals, including patients with HIV infection (3) . After the aerosolized fungal cells are inhaled, they multiply in the lung, resulting in infection (4, 5) . From there, extrapulmonary dissemination occurs, leading to infection of the bloodstream and subsequent hematogenous dissemination to target organs (3, 6) . After this, the infectious particle must be arrested in the infected tissue. In the case of an organism such as C. neoformans, the process that brings the organisms to arrest could be a mechanical process (trapping, such as septic emboli) or a biological process (receptor-mediated adhesion, such as leukocyte or Borrelia burgdorferi adhesion; refs. 7 and 8) . It follows that tissue invasion could be a mechanical process (previously suggested to be due to proliferation of the organism, expansion of the colony with subsequent bursting of the vasculature and penetration into the brain) or a biologic process (e.g., receptor-mediated invasion by Escherichia coli K1 and Streptococcus pneumoniae; refs. 9, 10) . This is more than just a trivial issue, since therapeutic approaches would be quite disparate depending on the mechanism involved.
Unfortunately, due to prior limitations in experimental approaches, there have been no studies directly addressing the question of how C. neoformans stops in the brain microvasculature before crossing. Nor is it completely understood how crossing occurs, despite much effort (6, (11) (12) (13) (14) (15) (16) . In vitro experiments demonstrated that C. neoformans is internalized by human umbilical vein endothelial cells (HUVECs) (14) or human brain microvascular endothelial cells (HBMECs) (11) . In those model systems, C. neoformans is stationary and in prolonged contact with the surface of endothelial cells. However, in vivo, C. neoformans is circulating in the blood under flow conditions, driven by vascular pressure, and therefore models using stationary cells are potentially misleading. Histology has shown that C. neoformans is located in intimate association with the endothelium and in the parenchyma outside of blood vessels in the brain after infection (12, 15) . Although this implies a process whereby C. neoformans crosses the brain microvasculature, these events have not been observed in vivo.
In this study, we established a real-time experimental model system in which we used a variety of intravital microscopy (IVM) techniques to directly visualize the early dynamic interaction of C. neoformans with the brain microvasculature in mice. These techniques permit spatial and kinetic resolution of the endothelial interac-tion with the yeast cells in real time. We also sought to capture direct evidence for the crossing of the brain microvasculature by C. neoformans in vivo using immunofluorescence microscopy and to visualize the yeast crossing the brain microvasculature in animals using spinning disk confocal IVM. Finally, we assessed factors that have the potential to affect the subsequent invasion of the brain microvasculature in vivo using mutant strains of C. neoformans and pharmacologic inhibition.
Results

Unlike leukocytes, C. neoformans does not roll and adhere to endothelial cells under flow conditions in vitro or to postcapillary venules in vivo.
To examine the interaction of C. neoformans with the endothelium, we initially performed experiments in a system where the microorganism was moving across the endothelial cells without the confounding influences of a vascular structure of varying diameter and branches, and in which we could precisely control the shear stress. For this purpose, we used an in vitro flow chamber to observe the interaction of C. neoformans with a monolayer of endothelial cells (HUVECs). This allowed us to determine whether there was a reduction in velocity, followed by arrest on the endothelium, much the same way that leukocytes roll and stop on the endothelium (17, 18) . If this were to occur, organisms interacting with the endothelial surface would be moving with a reduced velocity compared with those organisms that were not interacting. As a positive control, the movement of human leukocytes was examined. In these experiments, leukocytes that were moving at the same velocity as the buffer moved across the field of view so quickly that they could not be seen. Some leukocytes moved only a short distance over 0.4 seconds (white arrows, Figure 1 , A-C, and Supplemental Video 1; supplemental material available online with this article; doi:10.1172/JCI41963DS1), indicating that they were moving more slowly than the buffer, consistent with rolling. Moreover, other leukocytes remained in the same position, indicating they were adherent to the endothelial cells (black arrows, Figure 1 , A-C, and Supplemental Video 1). Thus, leukocytes roll and adhere to an LPS-activated HUVEC monolayer at a shear of 2 dyn/cm 2 , which is typical of the shear forces in vivo. By contrast, C. neoformans moved across the entire field in 0.4 seconds, which was the same velocity as the buffer (white arrows, Figure 1 , D-F, and Supplemental Video 2). Further, the movement of C. neoformans across HUVECs that had been pretreated with LPS was not different from movement across endothelium that had not been pretreated (data not shown). Reasoning that the interaction might be relatively weak, we reduced the velocity to produce shear of 1, 0.5, 0.25, 0.13, 0.06, or 0.03 dyn/cm 2 . Even at these low shears, which are lower than in any vascular bed, we were still unable to observe any evidence of rolling and adhesion (data not shown). Additionally, we were also unable to see any evidence of rolling or adhesion on a cell line of HBMECs (Supplemental Video 3). Moreover, we did not see yeast crossing the endothelial cells under flow conditions. Thus, there was no evidence of an interaction of C. neoformans with an endothelial monolayer under shear conditions in vitro.
The above observation that C. neoformans did not roll and adhere to endothelial cells under flow conditions in vitro raised a question about the process by which C. neoformans would stop in the brain in vivo. To address this question, we established IVM of the brain microvasculature to visualize the yeast cells and brain vasculature in the murine host in real time. This technique allowed us to visualize the pial and superficial cortical vasculature (19, 20) , which is adjacent to the meninges. C. neoformans appeared in the brain microvasculature within 3.4 ± 0.4 seconds (n = 8 mice) after injection into the tail vein, indicating a surprisingly rapid transit through the lung following i.v. inoculation. The brain postcapillary vessels are replete with vascular adhesion molecules allowing for the dynamics of leukocyte transmigration (21, 22) . Thus, we first investigated whether C. neoformans roll and adhere in the postcapillary venule, behaving similarly to leukocytes during inflammation. In a sequence of images, spherical organisms were moving so fast that they were seen as luminescent streaks in images separated by 0.07 seconds, appearing to move with the same velocity as the blood, and there were no organisms that were arrested in the postcapillary venule (Figure 1 , G-J, and Supplemental Video 4). The number of yeast cells passing through postcapillaries was greatest immediately after injection and gradually decreased over time, such that at 60 minutes, only a small number of organisms could be seen passing through the vasculature ( Figure 1K ). However, even after 18 hours, rare organisms could still be seen moving in the vascular compartment of the brain (data not shown). To determine whether prior inflammation alters the interaction of C. neoformans in the brain, we treated mice with LPS and then injected C. neoformans 4 hours later. There was no change in the transit of C. neoformans through the postcapillary venule after pretreatment with LPS (data not shown).
C. neoformans stops suddenly in the brain capillary. Strikingly, the yeast cells appeared to move at the same speed as the blood flow and came to a sudden stop in the capillary bed (Figure 2 , A-D, and Supplemental Video 5). No fluorescence was seen before injection ( Figure 2A ). The yeast stopped suddenly in the capillary bed as soon as 23.0 ± 3.7 seconds (n = 8 mice) after i.v. injection, and there was no evidence of a reduction in velocity prior to stopping within the vasculature that would be consistent with rolling. In a series of images taken 5 minutes after injection, some organisms had stopped ( Figure 2B ). In the next image (0.07 seconds later), an organism suddenly appeared that was not present in the prior frame ( Figure 2C , arrow). This organism remained stationary for the whole period of observation (60 minutes after injection) ( Figure 2D , arrow). There was a steady increase in the number of organisms over the 60-minute observation period, such that more yeast cells were seen in the same capillary bed ( Figure 2D ). The The number of stationary C. neoformans in a field of view at various time points after injection. Data are expressed as mean ± SEM of 2 independent experiments (n = 8 mice). (F) Tie-2 GFP mice (which allowed visualization of the capillaries in vivo) were anesthetized, and spinning disk confocal microscopy of the brain microcirculation was performed. C. neoformans (100 × 10 6 strain H99) labeled with TRITC (arrowhead) in 100 μl saline was injected via tail vein. (G) Mice were injected with 20 × 10 6 C. neoformans (strain H99) via the tail vein. Sixty minutes later, the mice were anesthetized, and vascular perfusion was performed. The brain was removed, and immunohistochemistry was performed using anticryptococcal antibody (red, arrows) and anti-collagen IV (green). The images in H-K are 3D reconstructive images of the image in G. Scale bars: 20 μm. majority of C. neoformans that came to a stop did so within the first few minutes, while progressively fewer organisms were arrested over the period of observation ( Figure 2E ). The kinetics and location of arrest were similar using CFSE-labeled C. neoformans (data not shown), suggesting that the method of labeling did not impact the kinetics of transit and arrest of C. neoformans.
Using spinning disk confocal microscopy and immunohistochemistry, the stationary organisms were shown to be detained in capillaries that appeared to be of the same diameter as the organism, often at branch points (Figure 2 , F and G, and Figure 2 , H-K, which is a rotational 3D reconstruction of Figure 2G ). By analyzing successive frames before each organism came to a halt, we were able to determine that 70% ± 3% of the organisms originated from penetrating vessels deep within the brain, while the remainder were arrested while traveling in pial surface vessels. Moreover, there was a linear relationship between the number of organisms injected and the number that stopped. The total number of yeasts in 20 microscopic fields was 8.7 ± 1.9, 78.0 ± 16.3, and 808.3 ± 111.9 (n = 6 mice) after injection of 1 × 10 6 , 10 × 10 6 , and 100 × 10 6 yeasts, respectively. Thus, our data demonstrate that C. neoformans was suddenly arrested in the brain capillary, in locations of vessel narrowing without slowing before stopping, and the number of organisms stopping was linearly related to the number injected.
Differences in viability, polysaccharide capsule, and strain fail to affect deposition in the brain, which is similar to that of inert particles. We reasoned that altering virulence or viability of the organisms would influence potential receptor-ligand interactions, leading to arrest. To test this hypothesis, we compared wild-type organisms with organisms that were killed by heating, organisms with no polysaccharide capsule (the major virulence factor), or C. neoformans var. grubii, which has a greater prevalence and therefore presumed virulence than C. neoformans var. neoformans (23) . Mice were injected with fluorochrome-labeled live strain H99 (C. neoformans var.
grubii), heat-killed H99, B3501 (C. neoformans var. neoformans), or
Cap67 (an acapsular mutant of strain B3501). In some experiments, 2 organisms were compared by simultaneous injection of equal numbers of 2 strains labeled with 2 different fluorochromes. There was no difference in the kinetics of trapping of the yeast in the brain (data not shown and Supplemental Video 6).
The observation that viability and encapsulation did not affect the ability of C. neoformans to stop in the brain made us question whether the dynamic process was independent of the organism and whether an inert particle of the same size might behave similarly. To examine this question, we injected mice with polystyrene microspheres that were of similar size to C. neoformans. We found that size-matched polystyrene microspheres appeared in the brain microvasculature very shortly after i.v. injection (4.0 ± 0.6 seconds, n = 8 mice), which was similar to the time that it took for C. neoformans to appear in the brain. Remarkably, polystyrene microspheres could be seen to stop suddenly in the capillary bed as soon as 25 ± 0.5 seconds (n = 8 mice) after i.v. injection, which was similar to the time following injection of C. neoformans. The number of polystyrene microspheres trapping in the capillary bed increased with time ( Figure 3 , A-D, and Supplemental Video 7). In a series of figures of the brain capillary bed, no microspheres were seen before injection ( Figure 3A) . A considerable number of fluorescent microspheres were trapped in the capillary bed 8 minutes after injection ( Figure  3B ). In the next image (0.07 seconds later), a microsphere appeared that was not seen in the prior frame ( Figure 3C , arrow), indicating that the microsphere had suddenly stopped and remained stationary for the duration of observation ( Figure 3 , C and D, arrows). Indeed, the number of polystyrene microspheres stopping in the capillary bed was similar to the number of C. neoformans stationary within the brain 60 minutes after i.v. injection ( Figure 3E ). Fluorescence microscopy confirmed that polystyrene microspheres were located inside the capillary ( Figure 3F ). Thus, there was no significant difference in the arrest of polystyrene microspheres in brain capillary bed when compared with C. neoformans. Additionally, an avirulent yeast, Saccharomyces cerevisiae, was also arrested in the brain similarly to polystyrene beads (Supplemental Video 8), and C. neoformans was stopped in other vascular beds (Supplemental Video 9). This is most consistent with mechanical trapping. from this location. Direct evidence showing crossing of the brain microvasculature in vivo has not previously been demonstrated, although C. neoformans was shown by histology to be present in the parenchyma outside of blood vessels after infection (12, 15) . Thus, we sought to capture images of this process. C. neoformans was found outside the brain capillary 6 hours after i.v. injection (asterisk, Figure 4A ), indicating that some of the yeast had completed crossing of the capillary at that time. C. neoformans could be seen in the process of crossing the capillary wall, with part of the organism outside the capillary and part still inside the capillary (Figure 4 , B and C [a 3D reconstruction of the same image], and Supplemental Video 10). This result encouraged us to visualize the crossing of brain microvasculature by C. neoformans in real time in living mice. Using spinning disk confocal IVM, we were able to capture a series of images illustrating the dynamic process of the crossing of capillaries by C. neoformans in the live animal (Figure 4 , D-F). Thus, we provide direct in vivo evidence that C. neoformans crosses the brain capillary following a sudden arrest.
Viability is required for transmigration from the capillaries into the brain. We were struck by the observation that C. neoformans often displayed an ovoid, budded morphology during transmigration. This was reminiscent of the morphologic change filamentous fungi undergo when invading plants via turgor pressure (24) . Since this would require the organism to be viable, experiments were performed to compare transmigration of live versus killed organisms. We found that 11.6% ± 1.8% of live yeast cells were located in the brain parenchyma 24 hours after injection ( Figure 5, A and D) . By contrast, no heat-killed yeast cells were detected outside the capillary at 24 hours ( Figure 5 , B and D) or 72 hours after injection (data not shown), suggesting that C. neoformans must be viable to cross the capillary. Further, polystyrene microspheres were lodged inside the capillary ( Figure 5C ) at 24 and 72 hours but were never observed to transmigrate ( Figure 5D ), further supporting that transmigration is an active process and that viability is essential.
Transmigration from the capillaries to the brain is independent of proliferation. Once C. neoformans is trapped in the brain capillary, the yeast transmigrates to the parenchyma. While this might happen directly, Olszewski et al. have suggested that the process might also involve proliferation in the microvasculature and that through the process of proliferation, the colony would expand, rupture, and thereby penetrate the endothelium (15) . To examine whether transmigration of C. neoformans from capillaries to parenchyma is dependent on fungal proliferation within the vessels, we injected mice via the i.v. route with one of two different temperature-sensitive strains. The C. neoformans ras1 mutant (25) and the cdc24 mutant (26) possess a temperature-dependent defect in actin polarization that prevents them from undergoing proper and efficient budding and proliferation. The strains had a greater than 99% inhibition of growth at 37°C compared with 30°C. As a control, we injected mice with the respective reconstituted strains. As expected, the reconstituted strains ras1 + RAS1 ( Figure 6 , A and C) and cdc24 + CDC24 (Figure 6, D and F) were detected in the parenchyma of the brain 24 hours after i.v. injection. Remarkably, the same percentages of the temperature-sensitive strains ras1 (10.8% ± 1.3% versus 11.3% ± 1.9%; Figure 6 , B and C) and cdc24 (11.6% ± 1.8% versus 12.5% ± 1.0%; Figure 6 , E and F) were found in the parenchyma of the brain as compared with the reconstituted strains. Therefore, the transmigration of C. neoformans from the capillaries to the brain is independent of proliferation of the yeast.
Transmigration of C. neoformans in the brain is urease dependent. Although proliferation is not required for the transmigration, viability is essential. We reasoned that a metabolic process would be required, rather than a receptor that might be displayed regardless of viability. Urease was recently identified as an important virulence factor of C. neoformans (15, 27) . Thus, we examined the contribution of urease to transmigration in the brain. First, we found that mice survived significantly longer when injected with the urease-knockout strain ure1 as compared with the wild-type strain H99 or ureaserestored strain ure1+URE1-1 ( Figure 7A , P < 0.01). Next we assessed the number of CFUs in the brain of mice after infection. Mice infected with strain H99 or the reconstituted strain ure1+URE1-1 had significantly higher CFU counts in the brain at 72 hours after infection as compared with strain ure1 ( Figure 7B , P < 0.01). Experiments were then performed to determine whether urease promotes trapping, transmigration, or replication of C. neoformans in the brain. There was no significant difference in CFU counts in the brain among the 3 strains shortly after injection (3 hours, Figure 7B ), suggesting that urease does not affect the yeast trapping in the brain. To provide additional evidence, the same mice were injected with equal numbers (50 × 10 6 ) of ure1 and ure1+URE1-1 C. neoformans that had been labeled with 2 different fluorochromes, which allowed us to examine the kinetics of both yeasts within the same experiment using spinning disk confocal microscopy. The time to first appearance and transit through the brain was similar (data not shown), and the numbers of yeasts trapped in the capillary at 2 hours after infection were not significantly different (156 ± 28/mm 2 for ure1 versus 175 ± 25/mm 2 for ure1+URE1-1; Figure 7C ), indicating that urease does not affect the trapping of the yeast in the brain.
We considered two possibilities to explain the increased CFU counts and mortality. Urease might increase the number of transmigration sites with the same rate of replication at each site, or it might not influence the number of transmigration sites but might permit increased growth of the organism at each site. Immunohistochemistry was performed to enumerate the numbers of organism in each colony and to determine the number of colonies (transmigration sites) in the brain 72 hours after infection. These studies revealed that there was no significant difference in the numbers of organisms at each transmigration site ( Figure 7D ), suggesting that urease does not enhance the replication of C. neoformans in the brain. However, we found that the yeasts were still localized inside the vessels at 24 hours after infection of ure1 and were rarely seen in the parenchyma ( Figure 7E ). By contrast, a considerable number of organisms were localized in the parenchyma at 24 hours after injection of ure1+URE1-1 ( Figure 7F ) or wild-type H99 (data not shown). Quantitation revealed that there were 3-fold fewer transmigration sites after injection of ure1 as compared with wild-type H99 and 
Figure 6
Transmigration of temperature-sensitive strains of C. neoformans from capillaries to the brain. Mice were injected with 10 × 10 6 FITClabeled C. neoformans strains ras1 mutant, cdc24 mutant, reconstituted ras1 + RAS1, or reconstituted cdc24 + CDC24 via the tail vein. Twenty-four hours later, the mice were anesthetized, perfusion was performed, and immunohistochemistry was performed. This raised the possibility that transmigration might be amenable to therapy. For this purpose, we treated the mice and the organisms with flurofamide (EU-4534), a urease inhibitor that has been proposed for clinical use. Survival was prolonged ( Figure 8A , P < 0.05), significantly lower CFU counts were present in the brain ( Figure  8B , P <0.05), and there were significantly fewer transmigration sites ( Figure 8C , P < 0.05) as compared with control, suggesting that inhibition of urease might be a therapeutic approach to inhibit transmigration of C. neoformans across the blood brain barrier.
Discussion
In this study, we demonstrate that (a) C. neoformans appears in the brain very quickly after i.v. inoculation and comes to a sudden stop in the capillaries of the brain, with no evidence of a prior reduction in velocity or rolling. (b) The organisms are arrested in vessels of comparable diameter, and neither viability, encapsulation, strain, nor species affected the manner in which C. neoformans stopped in the brain vasculature. Moreover, the characteristics were similar to those of an inert particle of the same size. (c) Single organisms, often with a budded morphology, were observed to actively transmigrate across the brain microvasculature. Viability was essential for transmigration, while the ability to proliferate in vivo was not. (d) Urease increases the number of transmigration sites into the brain, resulting in higher CFU counts and reduced survival, which affords a therapeutic opportunity.
The physical-biological interface is a critical component of microbial pathogenesis, virulence, and host defense. Physical factors often control the location, distribution, and movement of microbes within their environment and within the host. For example, acquisition of tuberculosis or some viruses and fungi via the respiratory tract requires exposure to an aerosol containing the microbes. The factors governing exposure and deposition include the density and regional distribution of the particles in the air and the velocity of inspiratory airflow at the time the aerosol is present. Similarly, for blood-borne infections, mechanical forces governing the speed with which the organisms move within the vasculature and regional blood flow may be critical determinants of distribution in the body. Subsequently, microbes pass through an interface where biological forces determine their fate. Respiratory viruses make contact with their epithelial receptors and are internalized. Mycobacterium tuberculosis is phagocytosed. However, this interface does not necessarily occur when the microbe contacts the host cell. For example, filamentous fungal pathogens use turgor pressure for invasion (24) . Thus, the physical-biological interface can actually occur after tissue invasion. Herein, we examine the question of whether the physical-biological interface occurs prior to the arrest of C. neoformans in the brain due to fungal receptor-mediated adherence or whether it occurs following arrest, which requires the organism to be trapped. Likewise, the interface could occur following invasion, which would require the physical forces to drive the rigid organism through the endothelial barrier into the tissue or proliferation producing a space-occupying lesion that causes the organisms to burst through the capillary. Understanding the point at which this interface occurs is critical for the development of therapy, since manipulating physical forces requires a very different approach than manipulating biological processes.
Answering these challenging questions has been made possible by advances in imaging techniques. Previous models using histological and electron microscopy approaches have made great contributions to understanding the location of the yeast in the brain microvasculature or cultured endothelial cells during the invasion. However, these techniques are unable to unravel early dynamic events occurring between C. neoformans and brain endothelial cells. In this study, a real-time system was developed to directly visualize the early interactions of C. neoformans within the brain microvasculature in the living host using IVM.
There are a number of pieces of evidence that the physical-biologic interface occurs after the organism comes to a halt. C. neoformans stops on the endothelial surface of the capillary, which is relatively devoid of adhesion molecules compared with the postcapillary venule (28) . There is the possibility that stopping might be a consequence of reduced cerebral microcirculation shear. Indeed, it has been recently reported that reduced shear stress in some capillaries (approximately 0.5 dynes/cm 2 ) compared with the postcapillary venule (3.0 ± 1.5 dynes/cm 2 ) is associated with Neisseria meningitidis attachment in the brain vasculature (29) . However, our observations demonstrate that C. neoformans did not adhere to cultured endothelial cells under shear stress even when it was as low as 0.03 dyn/cm 2 . Thus, it seems unlikely that transient lower shear stress was responsible for the yeast stopping in the capillary. This is supported by the observation that the yeast stopped in capillaries where the size of the vessel was similar to the diameter of the yeast.
Our data clearly demonstrate that viability and capsule do not affect the dynamic process leading to arrest of the yeast. We killed the yeast by heat and studied the effect of capsule, reasoning that they might alter the surface molecular structures and therefore have the potential to affect receptor-ligand interactions. While it is possible that heat-killing the yeast or encapsulation would not alter receptor-ligand interactions, the absence of an effect is most consistent with a mechanical mechanism. Further, while it is obvious that viability and encapsulation are critical determinants of virulence, it is equally clear that they do not play a role during the initial process that brings C. neoformans to a halt in the brain.
Strikingly, polystyrene microspheres similar in size to the yeast behave the same as the yeast cells in the brain during the early interaction within the capillary, providing indirect evidence that C. neoformans is trapped in the brain capillary by a mechanical mechanism. In keeping with this observation, C. neoformans was also trapped in other vascular beds, and other microbes (S. cerevisiae) were also trapped. Moreover, the CSP-1 strain of C. neoformans displayed the same kinetics of transit and arrest as did the CD44-knockout strain of mice (data not shown). While it is impossible to exclude a contribution by receptor-related interactions, our data provide strong evidence that the mechanism bringing C. neoformans to arrest in the brain capillary is the result of mechanical trapping and suggest that particle size is an important determinant of the disease.
The next step was to determine whether the physical-biologic interface occurred beyond the stage leading to penetration of the endothelium. A number of studies have shown that C. neoformans gains access to the parenchyma, suggesting that the yeast must cross the brain microvasculature to cause meningoencephalitis. However, the ability of C. neoformans to transmigrate into the parenchyma across the brain microvasculature had not previously been shown directly. In this study, we were able to show using immunohistochemistry that the yeast penetrates the capillary wall. We also showed the dynamic process of crossing of the capillary wall by yeast cells in real time using spinning disk confocal IVM. These observations do not invalidate the other "Trojan horse" mechanism by which Cryptococcus has also been proposed to cross the brain vasculature, but rather speak only to the direct transit of organisms into the brain (15) . Our results further indicate that viability is essential for crossing of brain capillaries by C. neoformans, although encapsulation is not. Moreover, polystyrene microspheres were unable to cross the vessels, although they could be trapped in the capillary. Together, these data indicate that a biologic process governs transmigration in that the organisms must be viable. It has been suggested that the organisms might proliferate within the vasculature and via this process rupture the vessel, allowing penetration (15) . Indeed, we did find that the organisms must be viable. However, replication-defective but viable strains were fully capable of penetrating the endothelium and invading the brain.
The observation that C. neoformans needed to be viable but not replication-competent to invade the endothelium suggested that a metabolic process was required. Metabolic processes that have been identified in the virulence of C. neoformans include laccase (involved in melanin production and required for growth in the brain; refs. 30, 31), enzymes involved in glucuronoxylomannan synthesis (involved in production of polysaccharide capsule; ref. 12), phospholipase B1 (involved in production of eicosanoid metabolites) (32) , and urease (15, 27) . Undoubtedly, multiple, some as-yet-undiscovered genes, are involved in penetration of the endothelium. However, among this list, urease seemed a likely candidate to influence transmigration. The results show that a urease-deficient strain was less able to transmigrate but had a similar ability to replicate once it had crossed the endothelium. This is consistent with the previous observations by Olszewski et al. (15) . There are a number of possible mechanisms by which urease could contribute to transmigration. The enzymatic degradation of urea produces ammonia. Ammonia is highly toxic to brain endothelium as seen in inborn errors of metabolism involving the urea acid cycle and in Reye syndrome, in which there is an accumulation of ammonia (33, 34) . Similarly, ammonia produced by urease is toxic to gastric epithelium during Helicobacter pylori infection (35) . Thus, we might speculate that the local production of ammonia damages the endothelium, increasing permeability and leading to transmigration of Cryptococcus. Additionally, it is possible that cryptococcal urease possesses other substrate specificity, which might facilitate transmigration. While these possibilities will require further study, it is notable that urease inhibitors have found application in other areas of medicine. Urease inhibitors such as acetohydroxamic acid are approved for the treatment of nephrolithiasis, where they inhibit bacterial urease and ammonia production. Using one of these inhibitors and exposing the organism to the agent for only 4 hours prior to reaching the brain, we were able to reduce the number of transmigration sites, which translated into a reduced number of CFUs and prolonged survival.
In summary, physical or biologic forces govern exposure, contact, arrest, and invasion of microorganisms. In many cases, physical and mechanical forces govern initial contact and exposure to microbes and may lead to arrest on or in the tissue, and even penetration into the tissue. However, at some point, physical forces must give way to biologic processes for disease to occur. For C. neoformans, we provide evidence that mechanical trapping, and therefore size, is a critical determinant and that the interface occurs after arrest, during the process of invasion of the endothelial barrier into the brain, which may be amenable to therapeutic intervention.
Methods
Animals. Female 8- to 10-week-old C57BL/6 mice were purchased from Charles River Laboratories. Female, 8- to 10-week-old Tie-2 GFP BALB/c mice were purchased from The Jackson Laboratory. The mice were kept in polycarbonate cages on sawdust and allowed free access to food and water throughout the experiments. All animal studies were approved by the IACUC of the University of Calgary (protocol m08005) according to the recommendations of the Canadian Council of Animal Care.
C. neoformans. Strain H99 encapsulated, serotype A (catalog 208821), B3501 (catalog 34873), and CAP67, an acapsular mutant of B3501 (catalog 52817), were obtained from the ATCC. The temperature-sensitive strains ras1 mutant, ras1+RAS1 reconstituted, cdc24 mutant, and cdc24 + CDC24 reconstituted in H99 background were obtained from J. Andrew Alspaugh, Duke University Medical Center, Durham, North Carolina, USA (25, 26) . The urease-knockout strain ure1 (urease-negative transformant of H99 with a selective disruption of native urease gene, URE1) and the urease-restored strain ure1+URE1-1 (strain ure1 rescued with a wild-type copy of the URE1 gene) were a generous gift of Gary Cox (Duke University) (27) and obtained from Michal A. Olszewski, University of Michigan Medical Center, Ann Arbor, Michigan, USA (15) . The organisms were grown on Sabouraud's dextrose agar (Difco) and maintained on slants, passaged each month as described previously (36) . C. neoformans was grown to log phase in Sabouraud's dextrose broth (Difco) at 32°C with gentle rotation for 24 hours and then washed 3 times in sterile PBS (pH 7.4). In some experiments, fungus was heat-killed at 50°C overnight (37) before use. The live or heat-killed organisms were labeled with FITC (Sigma-Aldrich) or TRITC (Sigma-Aldrich) as described previously (38, 39) . In brief, the organisms were suspended at 2 × 10 8 /ml in FITC or TRITC at 500 μg/ml in PBS, incubated for 10 minutes at 37°C, and extensively washed in PBS.
Flow chamber assay. A flow chamber assay using primary HUVECs and an HBMEC line was performed as described previously (17, 18) . In brief, human umbilical cord veins (Foothills Hospital, Calgary, Alberta, Canada) were rinsed of blood products with warm PBS, pH 7.4, and the vein was filled with warm collagenase A (Roche Diagnostics; used at a concentration of 320 U/ml in PBS). After 20 minutes of incubation in warm PBS, the digest was collected into centrifuge tubes containing heat-inactivated FBS (Hyclone) to neutralize the collagenase activity. The cells were centrifuged, the supernatant discarded, and the cells were seeded and cultured on glass coverslips in M199 media with 20% human serum. The cells were cultured into a monolayer within 1 week. HUVECs forming a confluent monolayer on a coverslip were placed in the flow chamber. HUVECs on glass coverslips were either treated with 10 ng/ml LPS (Escherichia coli serotype O111: B4; Calbiochem) for 4 hours or left untreated. The HBMEC line (40, 41) was thawed and cultured in a monolayer on a coverslip in RPMI 1640 medium supplemented with 10% (vol/vol) FBS, 10% NuSerum, l-glutamine (2 mM), sodium pyruvate (1 mM), 1% MEM nonessential amino acids (all from Invitrogen Life Technologies), 1% vitamins (Sigma-Aldrich), 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen). HBMECs forming a confluent monolayer on a coverslip were placed in the flow chamber.
The flow chamber was placed on an inverted microscope stage, which was enclosed with a warm air cabinet, and the temperature was maintained at 37°C. A syringe pump (Harvard Apparatus) was used to draw C. neoformans (strain H99) derived from in vitro culture or freshly donated heparinized blood (as positive control) from a healthy donor over monolayers at a shear of 2, 1, 0.5, 0.25, 0.13, 0.06, or 0.03 dyn/cm 2 . Interactions of C. neoformans or leukocytes (as positive controls) with HUVECs or HBMECs were visualized by phase contrast microscopy and recorded via a CCD camera (KP-M1U; Hitachi Denshi Ltd.) for later analysis.
IVM. IVM of the brain microcirculation was performed as previously described (20, 42, 43) . Briefly, C57BL/6 mice were anesthetized by i.p. injection of a mixture of 10 mg/kg xylazine (MTC Pharmaceuticals) and 200 mg/ kg ketamine hydrochloride (Rogar/STB). The body temperature of mice was kept at 36-37°C throughout the experiment. A craniotomy was performed using a high-speed drill (Fine Science Tools), and the durometer was gently removed to expose the underlying pial vasculature. The exposed brain was kept moist with an artificial cerebrospinal fluid throughout the experiment. Spinning disk confocal IVM. The brain microcirculation of C57BL/6 mice was prepared for spinning disk confocal IVM as described above. Images were acquired with an Olympus B×51 upright microscope (44) . The microscope was equipped with a confocal light path (WaveFx, Quorum) based on a modified Yokogawa CSU-10 head (Yokogawa Electric Corp.). In some experiments, Tie-2 GFP BALB/c mice were injected i.v. with 100 × 10 6 TRITC-labeled (Sigma-Aldrich) C. neoformans (strain H99). In other experiments, C57BL/6 mice were injected with a mixture of equal numbers of encapsulated H99 and B3501, or B3501 and acapsular Cap67, H99 and heat-killed H99, or ure1 and ure1+URE1-1 following labeling with FITC or TRITC, respectively. Disruption and reconstitution of urease by these strains was confirmed by using the CLOtest Rapid Urease Test (Kimberly-Clark/Ballard Medical Products). Laser excitation wavelengths of both 488 and 561 nm were used in rapid succession and visualized with the appropriate long-pass filters (Semrock). Typical exposure time for both excitation wavelengths was 168 ms. A 512 × 512-pixel back-thinned electron-multiplying charge-coupled device camera (C9100-13, Hamamatsu) was used for fluorescence detection. Volocity Acquisition software (Improvision) was used to drive the confocal microscope.
Immunohistochemistry. Following i.v. injection, mice were sacrificed, and the brain was removed for immunohistochemical staining to visualize the yeast cells. To avoid contamination of tissues by circulating fungus, perfusion was performed by injecting sterile saline (50 ml) into the left ventricle, the right atrium being cut open to allow drainage during the procedure (12) . The brain tissues of mice injected with unlabeled yeast cells were prepared for paraffin sectioning as described previously (12, 45) . In brief, the tissues were fixed in 10% neutral buffered formalin for 24 hours at 4°C, embedded in paraffin, and cut into 5-μm sections. The tissues were deparaffinized in xylene and rehydrated through a graded series of ethanol. The tissues were treated with EDTA (10 mM, pH 8.0) for 40 minutes in a rice steamer, followed by blocking with 2% goat serum in PBS. Sections were then incubated with a mouse mAb specific for cryptococcal polysaccharide (E1, a gift from Françoise Dromer, Institut Pasteur, Paris, France; ref. 46) or 18B7 (a gift from Arturo Casadevall, Albert Einstein College of Medicine, New York, New York, USA; ref. 47) , and a rabbit anti-collagen IV Ab (Chemicon) that delineated brain capillaries by staining the basal lamina (12) at 4°C overnight. After 3 washes, sections were incubated for 30 minutes with Alexa Fluor 488 goat anti-rabbit IgG (H+L) and Alex Fluor 555 goat anti-mouse IgG (H+L) (Invitrogen). Alternatively, sections were incubated for 30 minutes with Alex Fluor 555 goat anti-rabbit IgG (H+L) and Alex Fluor 488 goat anti-mouse IgG (H+L) (Invitrogen). The brain tissues of mice injected with FITC-labeled yeast cells or fluorescence-labeled polystyrene microspheres were prepared for frozen sections as described previously (48) . In brief, the tissues were removed and frozen in OCT compound. Frozen tissue blocks were cut on a cryostat microtome, and 6- to 7-μm sections were placed on coated glass slides. Tissue sections were fixed in 2% neutral buffered paraformaldehyde for 10 minutes. Sections were then incubated with 2% goat serum in PBS, followed by incubation with an anti-collagen IV Ab at 4°C overnight. After 3 washes, sections were incubated for 30 minutes with Alex Fluor 555 goat anti-rabbit IgG (H+L) or Alexa Fluor 488 goat anti-rabbit IgG (H+L) (Invitrogen) to delineate brain microvasculature. The sections were rinsed and mounted with glycerol. Immunofluorescence images of tissue sections were obtained at ×20, ×40, or ×100 objective magnification using an Olympus I×70 microscope equipped with digital deconvolution (DeltaVision; Applied Precision). The z-sections of fluorescence images were recorded at successive 0.2-μm intervals through the entire thickness of the sections. Each image shown in this article consists of a single z-section.
Survival and brain CFU. C57BL/6 mice were injected with 20 × 10 6 H99, ure1, or ure1+URE1-1 by tail vein. In some experiments, groups of mice were i.p. injected with 1.5 mg (per mouse) of the urease inhibitor flurofamide (Tocris Bioscience) dissolved in DMSO, or DMSO alone as control. Four hours later, the mice treated with flurofamide were injected i.v. with H99 pretreated with 7.5 mM flurofamide diluted with 15% DMSO for 4 hours at room temperature. As a control, the mice treated with DMSO alone were injected i.v. with H99 pretreated with 15% DMSO for 4 hours at room temperature. Twenty-four hours later, the mice were injected i.p. with 0.75 mg flurofamide dissolved in DMSO or DMSO alone (control). The survival of the mice was observed every 4 hours. To determine the burden of organisms, the mice were killed at various times after infection. Brains were dissected and homogenized in sterile water. Appropriate dilutions of the homogenates were plated onto Sabouraud's dextrose agar plates, and CFU were enumerated after 24-48 hours growth at 30°C. To assess the transmigration and growth of the yeast, the brain was removed and immunohistochemistry performed to label the yeast and vessels as described above. Each cluster of organisms was considered to be one colony. If the colony was outside the vessel, it was considered to be a transmigration site. The colonies both inside and outside the vessels in the brain were enumerated. The number of the yeast cells in each colony was determined. The activity of flurofamide was confirmed by attenuation of color development using the CLOtest Rapid Urease Test (Kimberly-Clark/Ballard Medical Products). For this purpose, The H99 strain (100 × 10 6 /ml) was added to 15% DMSO or 7.5 mM flurofamide diluted with 15% DMSO for 60 minutes at room temperature. Five microliters of the suspension was added into the CLOtest detection kit, and the color change was observed 2 hours later.
Statistics. Data were expressed as mean ± SEM. An ANOVA was performed to establish equal variance, and 2-tailed Student's t test with Bonferroni correction was applied to determine statistical significance, which was defined as P < 0.05.
